Effects of nonthermal radiofrequency radiation (RFR) of the global system of mobile communication (GSM) cellular phones have been as yet mostly studied at the molecular level in the context of cellular stress and proliferation, as well as neurotransmitter production and localization. In this study, a simulation model was designed for the exposure of pregnant rats to pulsed GSM-like RFR (9.4 GHz), based on the different resonant frequencies of man and rat. The power density applied was 5 mW/cm 2 , in order to avoid thermal electromagnetic effects as much as possible. Pregnant rats were exposed to RFR during days 1-3 postcoitum (p.c.) (embryogenesis, pre-implantation) and days 4-7 p.c. (early organogenesis, peri-implantation). Relative expression and localization of bone morphogenetic proteins (BMP) and their receptors (BMPR), members of a molecular family currently considered as major endocrine and autocrine morphogens and known to be involved in renal development, were investigated in newborn kidneys from RFR exposed and sham irradiated (control) rats. Semiquantitative duplex RT-PCR for BMP-4, -7, BMPR-IA, -IB, and -II showed increased BMP-4 and BMPR-IA, and decreased BMPR-II relative expression in newborn kidneys. These changes were statistically significant for BMP-4, BMPR-IA, and -II after exposure on days 1-3 p.c. (P <.001 each), and for BMP-4 and BMPR-IA after exposure on days 4-7 p.c. (P <.001 and P ¼.005, respectively). Immunohistochemistry and in situ hybridization (ISH) showed aberrant expression and localization of these molecules at the histological level. Our findings suggest that GSM-like RFR interferes with gene expression during early gestation and results in aberrations of BMP expression in the newborn. These molecular changes do not appear to affect renal organogenesis and may reflect a delay in the development of this organ. The differences of relative BMP expression after different time periods of exposure indicate the importance of timing for GSM-like RFR effects on embryonic development.
INTRODUCTION
Possible health hazards from exposure to radiofrequencies in the global system for mobile communication (GSM) cellular phone range (800-3000 MHz) has been an issue of concern and debate during the past several years. Several studies have been dealing with investigation of the effects of such radiofrequency radiation (RFR), using various frequencies and power intensities. According to these, there are no direct toxic, genotoxic, or mutagenic effects from RFR and, in the case of adverse effects described on organisms, these result mainly from hyperthermia related to the power density of applied RFR [reviewed by Brusick et al., 1998 ] or prolonged exposure [Tice et al., 2002] .
However, RFR effects at the molecular level have been described under very low power conditions, which are not considered to induce hyperthermia (nonthermal RFR specific effects). These include gene expression alteration of heat shock proteins, such as hsp70 [Di Carlo et al., 2002] and hsp27/p38MAPK [Leszczynski et al., 2002] , early response genes like c-fos [Fritze et al., 1997; Goswami et al., 1999] , as well as neurotransmitter production, concentration and localization [Mausset et al., 2001; Testylier et al., 2002] . Based on the above, RFR specific effects were suggested to induce or promote the development of cancer and other diseases [French et al., 2001; Leszczynski et al., 2002 ], a hypothesis not proven for any type of cancer [Heikkinen et al., 2001; Bartsch et al., 2002] and not proven for the proliferation of glioma cells [Stagg et al., 1997; Higashikubo et al., 2001] .
In a previous study [Magras and Xenos, 1997] , we reported a progressive, irreversible infertility effect on mice exposed under open air conditions to GSM-type RFR at very low power (0.2-1 mW/cm 2 ), with an increased growth effect (size and birth weight) on the few newborns obtained. In the present study, we sought to investigate nonthermal RFR effects at the molecular level under environmentally controlled conditions on rat newborns exposed during prenatal development. For this purpose, a simulation model was designed for GSM-like RFR exposure of pregnant dams; the newborns delivered were checked for gross malformations, histology, and alterations in the expression of five members of the bone morphogenetic protein (BMP) family of molecules that are considered as key morphogenetic factors.
BMPs are members of an evolutionary conserved family of secreted signaling molecules implicated in embryonic patterning events, as well as in the development of most organ systems via modulation of epithelial-mesenchymal interactions. BMPs were originally purified and characterized as osteogenesisinducing factors contained in bone extracts [Wang et al., 1988; Celeste et al., 1990] , and their involvement in the regulation of chondrogenesis and osteogenesis during bone repair has been extensively studied [Sandberg et al., 1993] . Electromagnetic field irradiation at various pulse frequencies is known to induce BMP-2 and -4 upregulation in rat and human osteoblastic cell lines in vitro and in chick embryonic calvaria in vivo [Nagai and Ota, 1994; Bodamyali et al., 1998 ].
Beyond their important role in skeletal development and bone formation, BMPs -2, -4, and -7 are currently considered as universal endocrine and autocrine morphogens [Reddi, 2000] . BMP-2 is involved in blastocyst implantation and cavity formation during gastrulation [Coucouvanis and Martin, 1999; Paria et al., 2001] . BMP-4 heterozygous null mutant mice exhibit abnormalities in the kidney/ureter morphogenesis, including among others, hypo/dysplasia of the kidneys, hydroureters etc. [Miyazaki et al., 2000] . BMP-7 is considered to be crucial for metanephric kidney development [Lipschutz, 1998 ], while BMP-7 deficient mice demonstrate abnormal glomeruli formation [Karsenty et al., 1996] . BMP signaling is mediated by specific receptors that act as heterodimer/tetramers of two different transmembrane serine/threonine kinase subunits. In the mouse, a single type II subunit (BMPR-II) has been identified, while at least three type I subunits (Alk2-BMPR-IA, Alk3-BMPR-IB, and Alk6) are also known [Liu et al., 1995; Massague, 1996] .
In this study, we present data on the relative expression and localization of BMP-4, -7, BMPR-IA, -IB, and -II in the newborn rat kidney after exposure to GSM-like RFR at two distinct periods during the first week of embryonal development.
MATERIALS AND METHODS

Experimental Model
Groups of female adult Wistar rats, previously mated on day 0, were continuously exposed to GSM-like RFR during days 1-3 postcoitum (p.c.) (embryogenesis, preimplantation period), and days 4-7 p.c. (early organogenesis, peri-implantation period). The rats were obtained from ''Theagenion Anticancer Institute of Thessaloniki.'' The use of these experimental animals was approved by the Veterinary Service of the Municipality of Thessaloniki, according to the provisions of the laws 1191/81 and 2015/92 and the Presidential Decree 160/91 of the Greek Democracy.
Upon arrival, all rats were quarantined for 2 weeks to discover any disease and to allow them to acclimatize in the laboratory. All the rats were healthy and showed no signs of illness during the course of this study. Tap water and certified feed (Greek Sugar Factory) were freely available. The rats were maintained under the standard laboratory conditions, i.e., 22 8C temperature and 60% relative humidity, lighting during daytime and darkness during the night. Low power electrical ventilators provided four volume changes of air per hour through air ducts. Four independent sets of experiments were performed, two for each gestation stage described above.
The experiments were conducted in two identical neighboring rooms. The background electromagnetic noise was measured to be the same, and the normal for seasonal light-dark cycle was maintained. The experimental setup consisted of transmitting facilities and monitoring instruments.
The transmitting facilities consisted of two identical transmitting systems per experimental setup. Each consisted of one X band microwave generator with a maximum power output of þ25 dBm, a 27 cm horn-fed parabolic reflector antenna providing a 26 dB gain at 9.35 GHz, an X band waveguide network connecting the generator to the antenna and a À20 dB directional coupler for continuously monitoring the microwave signal. The antennas were placed 10 m apart, in line and facing each other.
Six plastic cages with the experimental animals (four dams per cage) were positioned in two horizontal rows by three vertical columns, 5 m away from the antennas, in the middle of the two antennas distance corresponding to the antenna maximum. The cage dimensions were about 50 Â 40 Â 25 cm and the frequency chosen was 9.4 GHz, which gives a free-space wavelength of 3.19 cm; consequently the distance between two consecutive minima was about 1.59 cm. Therefore, if standing waves existed, 25 minima and 25 maxima would be detected along each cage. Yet, since the rats could, and in fact did, freely move in the cages and their crown-rump length was of the order of 15 cm, the existence of standing waves could hardly affect the experiment. There were four freely moving rats per cage, therefore, they might sometimes electromagnetically shade each other. However, this probability was statistically the same for all animals.
Pulsed microwaves, with a pulse length of 20 ms and a pulse repetition rate of 50 Hz, at a frequency of 9.4 GHz were applied. This frequency was chosen because the resonant frequency of a rat is in the order of 700 MHz, whereas the resonant frequency of an average man is about 70 MHz [Thuery, 1992] . Consequently, if the ratio 1:10 for a European GSM cellular telephone was to be maintained, a frequency in the order of 9 GHz should be applied. The average penetration depth at the head of the rat at 9.4 GHz, if the dielectric characteristics of the various tissues are to be considered, for example, the Brooks Air Base Model [2003] , is in the order of 5 mm; in other parts it can be much lower. In comparison, the penetration depth in the case of European GSM cell telephony (frequencies 915-945 MHz) is approximately 55 mm. For the European DCS cell telephony (frequency 1.8 GHz), it is 26 mm; and for the most commonly used WLAN (2.5 GHz), 19 mm.
In order to study possible nonthermal electromagnetic effects, a microwave power density of 5 mW/cm 2 was applied. This corresponded to a maximum SAR of 0.5 mW/kg, calculated by means of a numerical method using Finite Elements [Xenos and Magras, 2003 ]. The applied microwave power density was continuously monitored by a spectrum analyzer via a standard gain (16 dB) horn antenna, whereas the electromagnetic power density, applied and background, was cross-checked by a Narda 8100 survey meter and probe, respectively. All measurements were performed according to the relevant IEEE standard [IEEE Std C95.3, 1991] ; and all cables, connectors, and waveguides used were standard.
Animals and Tissues
For this study, 20 newborns were collected from sham-exposed mother animals (controls not exposed to RFR), 25 newborns from mothers exposed during days 1-3 p.c., and 26 from mothers exposed during days 4-7 p.c. After delivery, the newly born rats were sacrificed by euthanasia and macroscopically examined for possible malformations (Table 1) . Kidneys were placed into formalin for paraffin embedding, and were snap-frozen in liquid nitrogen for RNA extraction.
Histological and Molecular Analysis
Three micron thick paraffin sections were cut from all the samples collected, stained with haematoxylin-eosin (H&E) and examined histologically.
Immunohistochemistry
To investigate BMP expression in tissue samples from control and exposed animals, 3 mm thick paraffin sections were incubated overnight with polyclonal goat antimouse antibodies purchased from Santa Cruz Biotechnology (Heidelburg, Germany) for BMP-4 (N-16, cat # sc-6896) and , respectively, after appropriate antigen retrieval and blocking, as suggested by the manufacturer. Biotinylated antigoat immunoglobulins were used as secondary antibodies (Dako, Glostrup, Denmark). The sections were subsequently incubated with biotin conjugated streptavidin label and finally stained using diaminobenzidine as chromogen. BMP immunostaining was evaluated qualitatively by three independent observers (VK, PH, and GK). The intensity of immunostaining in the cortical mesenchyme of control kidneys was graded as positive (þ). Specimens were considered as strongly positive (þþ) when more intense staining was observed, and as negative (À) when no clearly positive cells could be detected.
Reverse Transcription-PCR (RT-PCR)
Frozen intact newborn kidneys were homogenized in Kontes tubes. RNA was extracted with Trizol (Gibco/Invitrogen, Paisley, UK) and was reverse transcribed into cDNA using random hexamers and Superscript II (Gibco/Invitrogen) according to the manufacturer's instructions. For each sample, expression of BMP-4, -7, and their receptors BMPR-II, BMPR-IA, and BMPR-IB was analyzed by PCR using the primers described by Shimazaki et al. [1999] . The length of PCR products was 464 bp for BMP-4, 386 bp for BMP-7, 455 bp for BMPR-IA, 457 bp for BMPR-IB, and 380 bp for BMPR-II.
To approach the relative expression of transcripts in the tissue, the ratio of the corresponding PCR products versus that of a housekeeping gene (b-actin) was semi-quantified with the EDAS software (Kodak, Rochester, NY), according to Pizzonia [2001] . From the b-actin mRNA, a 287 nucleotide region was amplified with primers: 5 0 -CCG CCC TAG GCA CCA GGG TG-3 0 (forward) and 5 0 -GGC TGG GGT GTT GAA GGT CTC AAA-3 0 (reverse). For EDAS semi-quantification, duplex reaction mixtures were used at an 80 ml reaction volume (3 ml of cDNA). The mix contained 1.2Â PCR buffer, 2 mM MgCl 2 , 0.125 mM dNTPs, 25 pmoles of each BMP-primer, 10 pmoles for b-actin primers, and 2 U Taq polymerase (Gibco/Invitrogen). The reaction conditions (primer concentration, number of cycles, mono-and bi-valent ion concentration) were optimized in simple and duplex reactions with control cDNAs in order to have both products reaching the plateau phase of amplification in the last two cycles of the reaction. PCR conditions were: denaturation at 94 8 C for 3 min, 35 cycles at 94 8 C for 30 s/58 8C (BMP-7 and BMPR-IB) for 30 s/72 8C for 30 s, and final elongation at 72 8C for 10 min. For BMP-4, BMPR-IA, and -II annealing was performed at 63 8C.
Electrophoresis of the PCR products was performed on 2.2% agarose gels at 120 V. PCR products from the standardization runs were verified by sequencing. The ratio of BMP related versus b-actin products was evaluated on digitally obtained photographs (inverted phase) and calculated according to the formula: (mean intensity of BMP related product band À mean background)/(mean intensity of b-actin band À mean background). Except for the kidneys of two control animals that were used to optimize the PCR protocols, all other samples were processed blindly. Three runs of duplex reactions were carried out.
Construction of DIG-Labeled Probes and In Situ Hybridization (ISH)
BMPR-IA and -II PCR products were ligated into pGEM-T plasmids (Promega, France) and cloned into competent cells. Cloned inserts were sequenced and subsequently used to create PCR products containing both SP6 and T7 sites with PUC-primers 5 0 -GTT TTC CCA GTC ACG AC-3 0 (forward) and 5 0 -CAG GAA ACA GCT ATG AC-3 0 (reverse). These PCR products were submitted to in vitro transcription with parallel digoxigenin labeling for the construction of antisense and sense riboprobes (RNA DIG labeling kit, SP6/T7 [Roche, Mannheim, Germany]). Probes were checked on 1.5% agarose gels.
ISH on paraffin sections was performed according to Braissant and Wahli [1998] , with some modifications. After deparaffinization, sections were incubated in DEPC-PBS, and processed for proteinolysis (0.02 mg/ml proteinase K in prewarmed TE buffer for 30 min at 37 8C). The sections were washed again in DEPC-PBS, acetylated in triethanolamine-MgCl 2 (Sigma, Munich, Germany) containing 0.25% v/v acetic anhydride, equalized in 5Â SSC buffer for 15 min and subsequently prehybridized for 2 h at 48 8C. The hybridization buffer contained 50% deionized formamide, 5Â SSC, 40 ml RNAse inhibitor (Gibco/Invitrogen), and 100 mg/ml freshly denatured salmon sperm DNA (Gibco/Invitrogen). For hybridization, 500 ng/ml of antisense or sense probe were added into the hybridization solution, and 50 ml were added on each section. The sections were covered with parafilm and hybridized at 45 8C for 16 h. After hybridization, sections were washed in 2Â SSC (20 min, RT), 1Â SSC (2Â 15 min, RT), and 0.2Â SSC (15 min, RT, and 15 min, 55 8C). For hybridization signal detection, an antidigoxigenin antibody coupled to alkaline phosphatase (Roche) was used, and the signal was developed with nitro-bluetetrazolium/5-bromo-4-chloro-3-indolyl-phosphate (NBT/BCIP [Roche]). Sections were counterstained with Nuclear Fast Red. Hybridization results were assessed qualitatively, as positive or negative.
Statistics
Statistics were performed with the SPSS software. Nonparametric tests (Mann-Whitney, KolmogorovSmirnov, significance <0.05), as well as independent sample t-tests (95% confidence interval) were used for the evaluation of relative expression values in each study group. Nominal values, such as semi-quantitative results from BMP-4 immunohistochemistry were compared with Pearson's w 2 -and Cramer's V-test.
RESULTS
No malformations were observed in the newborns which had been exposed to RFR irradiation during pregnancy. At the histological level, kidney sections of exposed newborn rats occasionally exhibited slight hydropic swelling in the tubular cells when compared to corresponding material from control (sham exposed) animals (data not shown). No changes were observed in the kidneys of the dams after RFR.
Immunohistochemical stains showed notable differences in the intensity and localization of BMP-4 between the kidneys of the prenatally exposed newborns and those of the control animals. In the latter, positive (þ) staining for BMP-4 was observed in cortical mesenchymal cells located among glomeruli and convoluted tubules. In the exposed groups, the intensity of staining in the mesenchyme was stronger (more often þþ thanþ), while BMP-4 was additionally present in epithelial cells of the collecting tubules (Fig. 1) . These immunohistochemical findings are summarized in Table 2 . Statistical tests for nominal values (Pearson's w 2 , Cramer's V) showed significant differences between control kidneys and those of exposed newborns (Pearson's P < 0.001 and P ¼ 0.001 for the groups exposed during days 1-3 and 4-7 p.c., respectively). Immunohistochemical stains for BMP-7 were interpreted as unsatisfactory. We further analyzed the absolute or relative expression of these growth factors and their receptors in kidney tissue extracts by PCR (Fig. 2) . The semi-quantitative results obtained after analysis with the EDAS software are summarized in Table 3 and presented in Figure 3 . Overall, the relative expression values obtained for each group of animals and for each parameter tested were quite homogeneous, with minimal variations among the three runs for each sample. The mean values and standard errors shown in Table 3 derive from all calculations performed during the three individual runs for each sample.
Statistically significant relative expression changes were observed in the exposed groups for BMP-4, BMPR-IA, and -II, more pronounced in the animals exposed to RFR during days 1-3 p.c. The changes in BMP-4 expression were consistent with those observed at the morphological level with immunohistochemistry for the corresponding protein. The relative expression values for BMP-4 were significantly increased after RFR during both periods of exposure (P for both groups vs. controls <0.001), although the values in the group exposed during days 4-7 p.c. were lower than those in the group exposed during days 1-3 p.c. (P ¼ 0.001). The same pattern of relative expression aberrations was observed for BMPR-IA, although less pronounced (days 1-3 p.c. vs. control P < 0.001, days 4-7 p.c. vs. control P ¼ 0.005, and 1-3 vs. 4-7 group P ¼ 0.001). By contrast, changes in the relative expression of BMPR-II in the irradiated newborns showed an inverse pattern with a significant decrease in the group exposed during days 1-3 p.c. (P vs. control <0.001) and an increase in the group exposed during days 4-7 p.c. (P vs. control ¼0.067 (nonsignificant), P between irradiated groups ¼0.001). These patterns are shown in Figure 2D .
The relative expression ratios for BMP-7 were always around 1 in the control animals, in agreement with already published data about the corresponding protein being the most abundantly expressed member of the BMP family in the kidney. Nevertheless, the increase observed for this transcript in the group exposed during days 4-7 p.c. was only marginally significant (P ¼ 0.058). No significant changes were found for BMPR-IB.
Finally, ISH for BMPR-IA mRNA showed this molecule to be upregulated in newborns exposed to RFR. In control tissues, BMPR-IA mRNA was localized mainly in the convoluted tubules and glomeruli, whereas after RFR it was additionally detected in the collective tubular epithelium (Fig. 4A,B) . These results are in agreement with those obtained with the EDAS software on BMPR-IA upregulation in the kidney of RF-exposed animals. ISH for BMPR-II mRNA showed that this molecule is expressed throughout the kidney parenchyma in the control newborns. After exposure to RFR during days 1-3 p.c., no or very weak hybridization signals were observed for the BMPR-II mRNA, while the picture in the newborn kidneys after exposure during days 4-7 p.c. did not differ from controls ( Fig. 4D-F) . The almost negative appearance of the renal tissue after RFR exposure during days 1-3 p.c. in comparison to the respective relative expression ratios is not a discrepancy and can be explained by the different sensitivity of the two methods. In fact, this finding reflects the downregulation of BMPR-II mRNA observed with the duplex PCR protocols.
DISCUSSION
GSM-like RFR effects in vivo have been studied in experimental animals, mostly by applying frequencies and conditions considered to affect humans [Brusick et al., 1998 {rev}; Heikkinen et al., 2001; Mausset et al., 2001; Bartsch et al., 2002; Braune et al., 2002; Di Carlo et al., 2002; Testylier et al., 2002] . Based on the different resonant frequencies of humans and rats (1 vs. 10) [Thuery, 1992] , the application of fields between 0.8 and 3 GHz on rat experimental models reflects the exposure of human organisms to 80 and 300 MHz, which is far below GSM-like RFR. With this in mind, the simulation model applied in our study was designed in an attempt to adapt GSM-like RFR exposure on this specific experimental system, i.e., the rat organism, taking into account that complete extrapolations of results are not possible. In addition, an extremely low power intensity and resulting SAR was applied (5 mW/cm 2 /0.5 mW/kg), in order to avoid any thermal microwave effects from RFR; the relevant limit according to the EN50166-2 is 80 mW/kg.
Thermal effects are known to cause adverse effects in vivo and in cell culture [reviewed by Brusick et al., 1998 ], induce heat shock responses at the cellular level [French et al., 2001 ] and interfere at different Statistically significant differences between RFR exposed versus sham exposed (control) groups and between the two exposed groups, respectively. c Statistically significant differences between RFR exposed versus sham exposed (control) groups and between the two exposed groups, respectively.
intensities with genomic DNA conditions [Lai and Singh, 1997; Tice et al., 2002] . Considered as nonthermal GSM-RFR effects, yet with power absorptions of >1 W/Kg, are influences on human skin fibroblast morphology and cell cycle related gene expression [Pacini et al., 2002] , on human endothelial cell stress responses [Leszczynski et al., 2002] , as well as on chicken embryo hsp70 expression and cytoprotection against hypoxia [Di Carlo et al., 2002] . At the frequency and power density tested in this study, GSM-like RFR seems to have influenced the regulation of the expression of critical morphogenetic factors, such as the BMP related genes, in newborn rat kidneys after exposure to this type of radiation during the early stages of embryonal development. Results from, respectively, low intensity RFR (at the order of <1 W/kg) on experimental models in vivo are currently not available in the literature. Comparable studies on cells in culture have shown that nonthermal GSM-like RFR may induce increased c-fos expression [Goswami et al., 1999] , without significantly interfering with cell proliferation [Higashikubo et al., 2001] . Our data on aberrant BMP related gene expression and localization in the rat newborn kidney provide evidence of persistent changes at the molecular level that can be ascribed to GSM-like RFR.
How the altered profile in BMP expression is caused by GSM-like RFR and whether these changes are of importance to the health of the newborn organism cannot be concluded from this study. However, two points should be discussed here: (i) the statistically significant differences in the relative expression of BMP-4 and type IA and II receptors that were observed after prenatal exposure at different time periods of early gestation and (ii) the significance of altered BMP expression observed in newborn kidneys.
According to the whole body radiation model, we used [Brooks Air Base Model 2003], the average penetration depth, i.e., the depth up to which RFR effects should be considered with certainty, in the head of the pregnant dam was 5 mm, while in other parts of the body it was much lower. Overall, the deeper an organ is located inside the animal, the less it would be affected by RFR. Considering the head of the exposed dams, the cortex and pineal gland certainly received fully the emitted RFR, whereas the pituitary and hypothalamic area of the brain received lesser amount of RFR. It is obvious that whatever the effects of RFR on the aforementioned areas in the brain of the dams, these were exerted during each period of exposure (days 1-3 p.c. vs. days 4-7 p.c.) to the same extent. RFR at very low power intensity, but still higher than in our case, has been shown to interfere with neurotransmitter levels of the hippocampal cholinergic system [Testylier et al., 2002] , as well as of the Purkinje cells in the cerebellum [Mausset et al., 2001] . In man, GSM-RFR has been shown to cause a transient decrease in thyrotropin levels [de Seze et al., 1998 ].
Concerning RFR effects on the developing embryo, we need to consider (a) the stages of embryonal development at the different periods of exposure and (b) the topography of the reproductive system in the rat.
In terms of embryonal development, days 1-3 p.c. in rodents correspond to embryogenesis, i.e., the stage where exponential mitotic proliferation of the fertilized ovum takes place to form the blastocyst, which becomes cavitated late on day 3. During this period the embryos are still surrounded by the zona pellucida which prevents direct contact of the embryonal cells with the maternal environment. Implantation has not yet taken place, and the embryos move through the oviduct into the respective horn of the uterus. The maternal environment (ovary, oviduct, and uterine mucosa) undergoes several hormonally guided changes, classically considered to be the result of the hypothalamopituitary-gonadal axis, in order to receive the embryos. During the second period of our exposure experiments (days 4-7 p.c.), implantation of the embryos takes place; this process starts on day 4 and is completed within the next 2 days. For the developing embryo, this Fig. 4 . In situ hybridization (ISH) for BMPR-IA (A^C) and BMPR-II (D^F) mRNAs on newborn kidneys. Medullary areas with collecting tubules and cortical areas with glomeruli are shown for BMPR-IA and BMPR-II, respectively. A: Sham exposed, antisense probe,BMPR-IA.B:RFR exposed duringdays1^3 p.c., sameprobe.C:Shamexposed, senseprobe,BMPR-IA.D:Shamexposed, antisense probe, BMPR-II. E: RFR exposed during days 1^3 p.c., same probe. F: RFR exposed during days 4^7 p.c., same probe.Originalmagnifications: A^C, Â100; D^F, Â400.
period is characterized as early organogenesis; from the maternal point of view, more changes take place, as described above, and the maternal-embryonal cell interactions, which start at the transit of day 3-4, are now fully developed.
Concerning the topography of the rat reproductive system in terms of RFR accessibility in our experiments, the ovaries and oviducts are located very close to the dorsal body wall. Both these structures, including the descending embryos contained therein, were (marginally) amenable to RFR. The two horns of the uterus form a close V-shape toward the midline of the animal, making it unlikely that RF waves would fully, if at all, reach these areas. From all the above it can be concluded that RFR exposure during days 1-3 p.c. (embryogenesis, pre-implantation) may have affected the maternal response and the developing embryo per se, while exposure during days 4-7 p.c. (early organogenesis, peri-implantation) mostly (or exclusively) affected the maternal response. Our data show that RFR influences gene expression during embryonal development, obviously in a time dependent manner. It is possible, that the more pronounced effects on the relative expression of BMP-4, BMPR-IA, and BMPR-II after exposure to RFR during days 1-3 p.c. versus days 4-7 p.c. derive from the increased RFR absorption during the first period for the reasons mentioned above.
Again, whatever changes were induced at the level of regulation of gene expression during the first week of intrauterine development seem to be persistent or affect development beyond the removal of the RFR emitting source. There are currently no data on the influence of GSM-like RFR on the regulation of gene expression during intrauterine rat development and any attempt for such interpretations would be speculative. Nevertheless, increased c-fos expression as a GSM-like RFR effect has been shown by two independent studies on different models, either transiently in vivo in the rat brain [Fritze et al., 1997] , or in mouse fibroblasts in transit from the exponential to the plateau phase [Goswami et al., 1999] . The immediate early response gene c-fos, with c-jun as a heteromer, is important for the expression and autoregulation of BMP-4 during early organogenesis in Xenopus [Knochel et al., 2000] . It is also important for successful rat embryo implantation that c-fos levels decrease around day 5 in the uterus but remain stable in the brain [Verneaux et al., 1992] . Checking for c-fos upregulation during and after intrauterine RFR exposure, along with related pathways, might shed light on this hypothesis.
In terms of what might be the significance of altered BMP expression in the newborn kidney, some aspects about the development of this organ and the related role of BMPs should be considered. Kidneys develop somewhat later than other organs, with metanephri appearing on embryonal day 13, glomeruli not present before day 18 and nephrons completely developing only after birth [Wilson and Warkany, 1949] . Kidneys depend on the BMP signaling pathway for their development and function Schedl and Hastie, 2000; Martinez et al., 2001] . Among the ever growing family of BMP growth factors, BMP-4 and BMP-7 are the ones mostly involved in kidney development. BMP-7 seems to control the formation of metanephric mesenchyme and nephrons [Dudley et al., 1995 Luo et al., 1995; Karsenty et al., 1996; Jena et al., 1997] , while it remains expressed in the adult kidney [Bosukonda et al., 2000] . BMP 4 is an early morphogenetic factor in the kidney acting mainly on ureteric buds to promote the development of the ureter [Miyazaki et al., 2000; Raatikainen-Ahokas et al., 2000] , while high concentrations of this protein in vitro inhibit branching of the ureteric epithelium and nephrogenesis [Martinez et al., 2002] .
The effects of these BMPs are mediated like all other effects of these morphogenetic agents via regulation of mesenchymal-epithelial interactions and are substantiated through BMP specific receptors, BMPR-IA and BMPR-IB for BMP-2 and -4 [Martinez et al., 2001] , and specifically through BMPR-II for BMP-7 [Bosukonda et al., 2000] . Expression regulation of both these ligands and receptors follows a certain timing during development; for example, although the peak for type I receptors occurs on embryonal day 18, lowering thereafter [Ikeda et al., 1996] , BMP type II receptors are continuously expressed into adult life in rat kidneys [Vukicevic et al., 1998; Bosukonda et al., 2000] .
GSM-like RFR appears to influence BMP expression in the kidney, because changes in the relative expression values for BMP transcripts, as well as aberrant localization at the tissue and cellular level could be observed days after exposure to RFR was ceased. However, the final effect of these alterations appears to be of minor significance for the development of the organ itself, since no major histological changes were found. The expressed pattern of BMP-4 and BMPR-IA in the kidneys of exposed newborns and their aberrant localization in the collecting tubule system would rather be expected in earlier stages during histogenesis of this organ; overall, the observed effects from GSMlike RFR on BMPs may reflect a delay in kidney development.
In summary, aberrant expression of BMP-4 and its receptors BMPR-IA and BMPR-II were observed in the kidney of newborn rats whose mother animals had been exposed to GSM-like RFR during early pregnancy. It seems that these persistent or delayed effects of GSMlike RFR are more pronounced when exposure takes place during embryogenesis rather than early organogenesis, suggesting that timing plays an important role for RFR effects on the developing organism.
